has not been studied very thoroughly. Despite routine use of this procedure in clinical laboratories, the development of a new assay frequently requires extensive testing of various types of microwell plates to determine which one should be used for optimum results.
reaction partner of the analyte to be detected. When the analyte is an antigen, the reaction partner is an antibody, which, when immobilized, is referred to as the capture antibody. The antigen reacts with the immobilized antibody to form an immune complex immobilized on the surface. Detection is achieved by reacting the immobilized immune complex with a second antibody, which has been previously tagged with a detectable molecule. The success of this procedure depends on several key steps in the process, e.g., consistent and thorough washing between steps to remove any nonspecifically bound material, careful control of the amount of liquid in each well, effective blocking of the plate to prevent binding of antigen or detector antibody directly to the plate surface, and consistent and uniform immobilization of the capture antibody. Here we address the binding of the capture antibody by comparing results obtained by covalent binding of the antibody with results obtained by passive binding.
Principles
Immunoassays are commonly performed in 96-well microplates with the standard 8 x 12 array of 0.35-L wells. The material of choice is polystyrene, which is inexpensive, optically clear, and easily molded to close tolerance.
Recently, Butler et al. (1) described the current state of understanding of the immobilization processand presented data on the immobilization of several antibodies, both monoclonal and polyclonal, on one type of surface. However, their data related only to passive binding, a type of binding that depends on weak physical forces to retain the capture antibody on the surface. This passive binding, also referred to as hydrophobic interaction, has not been studied very thoroughly. Despite routine use of this procedure in clinical laboratories, the development of a new assay frequently requires extensive testing of various types of microwell plates to determine which one should be used for optimum results.
Passive binding is an equilibrium process, in which the amount of material retained on the surface of a well dependson the concentration of molecules in solution or, more precisely, on the number of molecules reaching the surface during the binding time and on the affinity of that surface for the molecules. For a process to occur spontaneously, there must be a thermodynamic driving force. This thermodynamic driving force requires that, in a spontaneous process, there must be a net decrease in the Gibbs free energy of the system (2). The Gibbs free energy is expressed in two parts: (1) zS is the entropy, a measure of the chaos or disorder in the system. The adsorption of a molecule on the surface is an ordering event, and entropy decreases on immobilization. Therefore, the term T&S is negative and, taken with the negative sign in the equation, indicates an increase in the free energy. For the adsorption to occur spontaneously, there has to be a compensating decrease in the energy term, H. zR also consists of two parts:
where E is the internal energy and PLV is the work term. Because V = 0, only AE is of concern here. Related to the surface energy or interfacial energy between the polystyrene surface and the fluid, E is cal-ciliated from the change in interfacial energy (3) from the adsorption process: = yA where y is the change in interfacial energy due to the absorption, and A is the surface area. Thus the surface affinity can be expressed in thermodynamic terms by the change in interfacial energy. For the process to be spontaneous, the interfacial energy must decrease in the adsorption process.
Polystyrene has a surface energy of -3.5 zJ/cm2 (4). Attempts to overcome these limitations and produce more predictable results have led to the development of polystyrene plates with chemically reactive surfaces.2 The concepthere is avoid the problem of the equilibrium attachment of the passive binding surface in favor of a chemical link between the immunoglobulin to be immobilized and the surface. By thus permitting the development of complete monolayer coverage at relatively low solution concentration, the need to try a variety of surfaces to find the correct one for a given application is reduced.
Among the various surfaces developed are amino surfaces, which require a pretreatment with glutaraldehyde to react to an immunoglobulin (8); a carboxylic acid surface, which requires a carbodiimide (9); (3) and several other surfaces, all of which require a linker agent applied by the user to produce a covalent bond (1O). These covalent plates all have the characteristics of limited stability, the use of hazardous materials as linkers (11), and the need to modify protocols from those already in use. The 
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Uniformity Studies
The covalent binding plates used in the uniformity study are Xenobind prod. no. XBP 001 00. The passive binding plates were purchased from several manufacturers of microwell plates. Manufacturers of microwell plates designate their plates as either "medium binding" or "high binding," according to the amount of antibody retained on the surface under set conditions. However, there is no agreement on the antibody used for characterizing plates nor on the test conditions. For this study we chose one plate of the medium-binding type (Passive 1) and one high-binding plate (Passive 2). 2 h, 37#{176}C) , and washed the plates as before. For study of nonspecific binding, the capture antibody was omitted in some wells, the antigen was omitted in some wells, and some wells were not blocked with BSA. The antigen concentration used was 0.1 mg/L and detector antibody concentration was 1.27 mg'L. The plates were washed between stepswith Tween 20 and NaCl solution as before.
MonoclonalAntibody Binding
Deactivation studies on bound antibodies were carried out by comparing the binding of a monoclonal goat antibody to rabbit IgG (y-chain specific, cat. no. R-1008; Sigma) directly to the plate surface as described above and the binding of the same capture antibody, tagged with biotin on the Fc end (Sigma; cat. no. B-5283), to a Xenoprobe streptavidin-coated plate (XPP 001 00). Concentrations of the biotinylated capture monoclonal antibody and the nonbiotinylated monoclonal antibody were 1 mgfL each. The same antigen and detector antibody was used as before. Incubation time for binding was 1 h; all other conditions were as stated before. 
Results
Uniformity. Table 1 shows typical data from the experiments to measure uniformity.
CVs for the Xenobind plates were significantly (P <0.01) less than for the two different types of passive binding plates. Moreover, the variation between the types of passive binding plates indicated significant differences (P <0.01).
High CVs are a significant problem in using microwell plates, as illustrated in Table 1 for the passive binding plates. In most plates, differences between results for wells at the edges and for those at the corners vs those from the center sections account for much of the variability.
Although the average absorbance per plate was not significantly different whether the edge wells were included or omitted, the CVs decreased for the two passive binding plates when the edge wells were omitted.
Immunoassay results. The conditions of the assay selected were designed to allow color development in the linear part of the response-time curve. Fig. 1 shows a typical color development curve, the response being liiiear up to -0.90 A. The spectrophotometer is linear to at least 2.0 A. However, at >0.9 A, the rate-limiting step in color development is no longer the concentration of the enzyme, but begins to include the rate of diffusion of substrate to the reaction site. Because the substrate is becoming partly depleted, the color development curve will eventually approach an asymptote. Thus, if the reaction is carried out for too long, results for all wells will look the same. To ensure that this departure from linearity was not the result of lossof enzyme activity, we removed the colored product solution from the wells, rewashed the wells, and added fresh substrate. The linear response was again observed.
The mean absorbance per plate (n =5 per group) after performing the immunoassay was 0.49 A (CV 3.3%) with the Xenobind plate and 0.75 A (CV 8.3%) and 0.66 A (CV 9.7%) for the two passive plates. Table 2 
DIscussIon
Uniformity
The usefulness of the covalent surface resides in its ability to eliminate many of the common problems associated with passive binding. A major problem with microwell plates is lack of uniformity.
As shown in Table 1, the covalent attachment clearly improves the signal and substantially reduces the variation. The small difference in CV with edges included or excluded with the covalent attachment, compared with the significant difference for the passive binding plates, has practical implications. This difference appears to be a reflection of different molding conditions across the surface of a plate causedby small differences in temperature history during cooling. In addition, posttreatment of passive binding plates, most commonly some form of irradiation, can introduce additional nonuniformities. Although we examined only sets of two passive binding plates, there is no reason to expect that other passive binding plates will behave any differently, given that they all employ the same technique of passive attachment. By contrast, the Xenopore treatment system is a liquid-phase room temperature treatment, which results in the reduction or elimination of surface irregularities as the functional groups are reacted to the surface. The opportunity to use the wells at the edges of the plate confidently means that the effective testing capacity of the plate increased by 36 wells (60% more than for passive binding plates).
Immunoassays
The Previous studies in our laboratory (data not shown) have indicated that the BSA solution must be freshly prepared if it is to effectively block the Xenobind covalent binding plate, whereas there was no difference in blocking efficiency between several days old BSA and freshly prepared BSA. For the study reported here, all BSA solutions were used on the same day they were prepared.
As Table 2 shows, there is no nonspecific binding to the BSA used to block the unreacted sites on the covalent binding plate; i.e., there is no color developed when the capture antibody is omitted or the antigen is omitted. In the absenceof blocking and antigen, the detector antibody binds to the unblocked sites on the surface. Because there should be no difference in the nonspecific 
